During the studies on susceptibility of pathogenic Nocardia spp. against various antibiotics, we found that pathogenic Nocardia spp. showed species-specific drug resistance patterns (9, 18) . Our studies also revealed that most of the resistance in pathogenic Nocardia spp. is due to the inactivation of antibiotics by glycosylation or phosphorylation (10, 16, 17) . This article reports on the inactivation of macrolide antibiotics erythromycin, rokitamycin, and midecamycin by five pathogenic Nocardia species (Nocardia asteroides, N. brasiliensis, N. nova, N. otitidiscaviarum, and N. farcinica) (6) .
Rokitamycin (Asahikasei Co. Ltd.), midecamycin (Sigma Chemical Co.), and erythromycin (Sigma) were used. Ninety strains of five pathogenic Nocardia species including their type strains were used. The matured seed cultures were prepared by the method previously described (19) and used as seed inocula for the inactivation or MIC experiments.
MICs were determined by an agar dilution method using brain heart infusion agar (Difco Laboratories, Detroit, Mich.) medium (18, 19) . Inactivation of macrolide antibiotics was monitored by a bioassay method using Bacillus subtilis as a test organism. Inactivated compounds were monitored by thinlayer chromatography using a solvent mixture and a spray reagent of anisaldehyde sulfuric acid for sugars and a thin-layer chromatography scanner (CS-910; Shimadzu Seisakusho). Inactivated compounds prepared as follows were used as standards for thin-layer chromatography experiments. For preparation of the inactivated compounds, the described seed cultures of N. asteroides IFM 0339, N. brasiliensis IFM 0236 (ATCC 19296) , N. farcinica IFM 0284 (ATCC 13318), N. nova IFM 0310 (ATCC 9970), and N. otitidiscaviarum IFM 0239 (ATCC 14629) were used as inocula. Five milliliters of the seed cultures was inoculated into 100-ml shake flasks. After 24 h of incubation at 30°C, the antibiotic was added to a final concentration of 200 ,g/ml, and the mixture was incubated for 2 days.
After separation from the mycelia by centrifugation at 6,000 rpm (5,800 x g), the pH of the supernatant (ca. 50 ml) was adjusted to 8.0 and was extracted twice with an equal amount of n-butanol (for phosphorylated compounds) or ethyl acetate (for glycosylated or other inactivated compounds). The ex-tracts were combined and concentrated in vacuo to dryness. The detailed purification method will be reported elsewhere. The structures of inactivated compounds were deduced from the information based on the molecular weight and molecular formulae determined by fast atom bombardment and highresolution fast-atom bombardment mass spectrometry data.
The final structures were further determined by 1H and "3C nuclear magnetic resonance spectroscopy using homonuclear shift correlated spectroscopy, heteronuclear shift correlated spectroscopy, and the heteronuclear multibond connectivity technique (2, 13) . The studies on structural determination will be reported elsewhere. The MICs of three macrolide antibiotics against five Nocardia species showed that N. brasiliensis belongs to the resistant-species group, and the MICs for 50% of the strains tested were more than 100 ,ug/ml. On the other hand, N. nova was found to belong to the susceptible-species group, and the MICs for 50% of the strains tested were less than 5 ,g/ml. The MICs of the macrolides for N. asteroides were variable, depending on the strains, ranging from less than 0.2 to more than 100 ,ug/ml. Most strains of N. otitidiscaviarum were resistant to erythromycin and midecamycin, but they were moderately susceptible to rokitamycin. Similarly, N. farcinica strains were resistant to erythromycin and midecamycin but were moderately sensitive to rokitamycin, except for a few strains.
In Table 1 amycin, and midecamycin. The inactivation of erythromycin, rokitamycin, and midecamycin by these species was by phosphorylation and/or reduction. Inactivation ratios of erythromycin, rokitamycin, and midecamycin by N. otitidiscaviarum were 86.7, 100, and 86.7%, respectively, and the inactivation patterns were very similar to those of N. brasiliensis. Erythromycin was inactivated by phosphorylation, and rokitamycin and midecamycin were inactivated by phosphorylation and reduction (18-dihydro-2'-O-phosphoryl-rokitamycin or -midecamycin). Deacylation of rokitamycin and midecamycin was also observed as shown in Table 1 . The structures of deacylated compounds of rokitamycin and midecamycin were 3"-de-npropionyl-4'-de-n-butyrylrokitamycin and 4"-de-no-propionylmidecamycin, respectively.
Four mechanisms of resistance to macrolide antibiotics among clinically isolated gram-positive bacteria are known to date (1, 3): (i) target site modification due to the action of a family of enzymes which methylate the N6 amino group of the adenine residue in 23S rRNA (such methylation results in reduced binding of all 14-and 16-membered macrolides [1] ), (ii) changes of membrane permeability to macrolides (7), (iii) removal of the acyl group from the 4" position of the sugar moiety by esterase (14) , and (iv) production of enzymes which inactivate macrolides by phosphorylation (15) . Among these four resistance mechanisms, we could confirm the presence of phosphorylation and deacylation in pathogenic Nocardia spp. Two enzymes which phosphorylate the macrolides have been reported (11) and named macrolide 2'-phosphotransferase type I and type II. According to their definition, present macrolide 2'-phosphotransferases may belong to type II, because the phosphorylation enzyme(s) of pathogenic Nocardia spp. is constitutively produced (data not shown). In addition to pathogenic bacteria, phosphorylation of the 16-membered macrolide tylosin, spiramycins, and leucomycin A by fermentation and cell extracts of Streptomyces coelicolor UC 5240 has been reported. Although they were 2'-O-phosphorylated macrolides, interestingly, the formyl group was intact (8, 15) . We also found that Nocardia strains with deacylation activity were very rare, and such activity was confirmed only for one strain of N. asteroides IFM 0339. Our studies also showed that, although removal of the acyl group from the 4" position of rokitamycin and midecamycin resulted in the lowering of the antibacterial activity, such deacylated compounds still had residual activity, i.e., 1/10 to 1/5 of that of original compounds. In addition to the above four resistance mechanisms, the following two inactivation mechanisms were demonstrated: (i) reduction of the formyl group which is attached to the 17 position of aglycone of macrolides and (ii) glycosylation of the 2' OH group. With respect to reduction, it has been reported that chemical reduction of the formyl group, which is common in 16-membered macrolides, leads to the inactivation of antibiotics. The ability to reduce rokitamycin and midecamycin in most strains of N. asteroides, N. brasiliensis, and N. otitidiscaviarum was confirmed. However, interestingly, the phosphorylation of rokitamycin and midecamycin was not observed with some strains of N. asteroides and N. farcinica tested, although other Nocardia species, N. brasiliensis and N. otitidiscaviarum, have phosphorylation as well as reduction activity. Therefore, such phosphorylation and/or reduction patterns were considered to be species-specific phenomena among the pathogenic Nocardia spp.
Glycosylation of the 14-membered macrolide antibiotic erythromycin was recently reported for nonpathogenic streptomycetes by Kuo et al. (5) . Schulman et al. (12) also reported glycosylation of the 16-membered macrolide avermectin by Saccharopolyspora erythraea, an erythromycin producer. In the present experiments we could confirm only the glycosylatic inactivation of erythromycin in an N. asteroides IFM 0339 strain. Interestingly, this strain could not glycosylate the OH group on C-2' of the sugar moieties of the 16-membered macrolides rokitamycin and midecamycin. Therefore, the specificity of the present glycosylation enzyme(s) is quite different from that of the enzyme isolated from Streptomyces lividans by Jenkins and Cundliffe (4), whose glycosylase can convert 14-as well as 16-membered macrolides.
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